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ABSTRACT

Factors which influence the molecular conformation and stability of the
organic fractions of coals are dlscussed. Data for an extensive sulte of
Australlan coals from experlments using nuclear magnetic resonance techniques to
measure the effects of heating and exposure to pyridine on the stability of coal
molecular structures are presented, Two types of fusible material are identified
and how these materials and thelr fusibility vary with coal rank are evaluated.
Also the rank and maceral dependence of the destabllizing effects of pyridine arte
catalogued.
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INTRODUCTION

The Molecular Properties of Coals

Dry coals are esseatlally organic sollds at ambient temperature and, except
Eor a degree of molecular mobility assoclated with aliphatic structures apparent
Erom nuclear magnetlc resonance measurements (1), they can be considered to be
rigid molecular lattices. Although the molecular structures of organlc substances
profoundly affect their solid state properties, the molecular structure of coals
has been little studied compared to thelr chemical composition and function-
ality. Studies of coal structure at any level are difficult because of the
complex heterogeneity of any particular coal and the great vacilahility of coal
types that occur.

Broadly speaking three main concepts are used to model the molecular
structure of coals:

9] Coals as macromolecular three-dimensional crosslianked viscoelastlc glassy
solids (2,3).

L) Coals as macromolecular/molecular two-phase systems — the host/guest or
'rigid' and 'mobile' phase model (4-6).

iii) Coals as paracrystalline substances deplcted as having amorphous and ordered
micellar reglons (7).

The major limitatlion to the usefulness of each of these concepts (and, no
doubt, the necessity for all three) stems from the great variability of coal
types. Also, these concepts have mostly been applied only to the vitrinite
macerals.

Conformational stabllity and the molecular structure of organlc solids ace
determined both by the nature of the molecular network (how discrete molecular
units are connected by covalent crosslinks) and by the nature and distribution of
the various non-covalent interactions amongst these uanits. The non-covalent
interactlons include localized (e.g. hydrogen bonds) and non-localized
electrostatic interactions and the short-range non-polar interactlons between
molecular uanits due to the ubiquitous and weak van der Waals induction and Llondon
dispersion forces (8).

Thus in the case of the aromatic~-rich (i.e. vitrinite and lnertinite)
macerals of coals, if the molecular units are considered to be condensed aromatic
and hydroaromatic ring structures, the molecular conformation and stability of the
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macerals is determined by the density of covalent crosslinks, the degree of polar
functionality and the size and geometry of the condensed ring units.

The aliphatic-rich liptinite macerals are comprised of a varlety of
structures including long-chain alkanes, polymerized alicyclic structures and
hydroaromatic units (9). Thelr conformation is determined largely by covalent
crosslinks and probably only to a minor extent by polar interactions.

One means of investigating molecular structures is to determine the extent to
which a solid can be destabilized by heat prior to its pyrolytic decomposition.

Significant molecular mobility activated in brown coals at temperatures
between 300 and 600 K has been related to the fusion of the extractable,
alliphatic-rich fraction of the coals (10). Thermal destabilization of the
molecular lattice of aromatic-rich macerals in bituminous coals at temperatures
above ~600 K is associated with their characteristic thermoplasticity (11). The
relationship between the extent of this fusion and the molecular properties of the
vitrinite and inertinite macerals, however, is not well understood.

The {interaction between solvents such as pyridine and coal can also be
interpreted in terms of the structural features discussed above. How small
nucleophilic molecules disrupt inter- and intra-molecular non-covalent
interactions thereby 'relaxing’ the structural matrix and allowing further solvent
penetration has been extensively discussed by Peppas (12), Larsen (2,13) and
Marzec (14,15) and their colleagues. Indeed the extent to which exposure to a
solvent such as pyridine destabilizes a material's molecular structure i{s a
measure of the extent to which the stability of the material depends on non-
covalent and in particular polar interactions. Solvent destabilization of the
molecular structure of organic materials can be quantified by simple NMR
measurements at amblent temperatures. Such measurements have shown that up to
~60% of a coal's molecular structure can be destabilized by pyridine and, by the
same token, that at least ~ 40% s lmpervious to pyridine (15-17).

Recently Quinga and Larsen (18) have considered the role of non-polar
interactions 1in coals. In particular, they polnted out the likely importance of
london dispersion forces between planar aromatic units and that the effect of
these short-range interactions on the stability of a lattice would increase with
increasing size of the molecular units. Thus the greater concentration and growth
in average size of these units with increasing rank for bituminous coals lead to
enhancement of the role of the london dispersion interaction in the stabilization
of the molecular lattice of these coals. This process no doubt leads to the
formation of the ordered graphite-like structures detectable by X-ray diffraction
(e.g. ref. 7) and apparently not disrupted by exposure of the coals to pyridine
and their resultant swelling (19). Also the microscopilc conformal and reversible
nature of the swelling of coals by pyridine established by Brenner (2) points to
these ordered structures existing in microdomains of dimension less than ~ 107 °m,

Strong evidence of the dominant influence of molecular structure on the
properties of coals is implicit in the several data sets which show an extremum in
the measured property when plotted agalnst carbon rank. Examples are the extrema
which occur in the solid state properties of mass density (20) and proton spin-
lattice relaxation rate (21) as well as in solvent swelling and extractability

2.

Nuclear Magnetic Resonance Technlques

Proton nuclear magnetic resonance (1H NMR) measurements can distinguish
hydrogen in rigid molecular structures of coals, i.e. structures that do not
undergo appreciable reorientatlon and/or translation during tlme intervals ¢~1073
s, from hydrogen in mobile structures which possess more rapid molecular motions
characteristic of fused or rubbery materials. The data provided by these
measurements are presented in this paper in terms of a parameter M,q that measures
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the extent and degree of molecular mobility. M,, is an empirical second moment of
the frequency spectrum of the NMR signal (22), truncated here at 16 kHz, and is
inversely related to the average molecular mobility of the specimen. Thus the
relative decrease in Myp is a sensitive measure of the extent and degree of
mobility acquired by rigid molecular structures as a result of thelr destabili-
zation by thermal or solvent treatment.

The technique of 1y MMR thernmal analysis yields data ln the form of Myq
pyrograms {typlcal examples are shown In Figures 1 and 2). The fusibility of a
coal can be ranked by the minimum value of M, (HZT(mtn)) attained during the
experiment.

Because the extensive property of a specimen measured by 1H NMR is the
hydrogen content, in the data analyses described below maceral contents which are
determined on a volume basis (denoted by vol%) have been converted to a wt?
hydrogen basis (denoted by H-wt%) by the method of Lynch et al. (23). 1In
practice, the changes produced in the maceral content values are small except for
the coals richest in liptinite.

EXPERIMENTAL

Data have been ogbtalined for an extensive suite of well characterized
Australian coals by "H NMR experiments which probe separately the effects of heat
and the effects of exposure to the nucleophilic solvent pyridine on the molecular
stabllity of the coals.

The coals and coal fractions which have been examined by 14 NMR thermal
analysis are subdivided into two sets as follows:

a) 95 Australian bitumlnous coals (both whole coals and maceral concentrates
itncluding 10 pairs of vitrinite and inertinite concentrates obtained by
density separation) with carbon contents of 80 - 89% (daf) and hydrogen
contents between 4,1 and 6% (daf);

b) 25 sub-bituminous and brown coals with carbon contents of less than 80% (daf).

The vitrinite and inertinite (predominantly semifusinite and Inertodetrinite)
contents of these coals are [n the ranges 10 - 98 and 5 - 80 vol% (mmf)
repectively. The liptinite content never exceeds 22 vol% and {s <=10 vol% in most
coals.

Pyridine swelling experiments {nvolved a suite of 46 bituminous whole coals
and maceral concentrates selected from set (a) above.

All coals were ground to <500 um and acid-washed to remove HCl-soluble iron
(24). The resulting specimens were stored at 255 K under nitrogen until they were
dried overnight under nitrogen at 378 K immediately prior to thermal analysis or
addition of pyridine.

The thermal analysis experiments involved the collection of 1y wr data while
coal samples were belng heated at 4 K/min to 875 K under non-oxidizing conditions.

In the solvent swelling study each coal was soaked 1n excess deuterated
pyridine in a sealed glass ampoule for approximately two months before NMR

measurements were made at room temperature.

DATA ANALYSES AND RESULTS

Thermal Analysis Data

In Figures 1 and 2 the Myr pyrograms for seven representative coal specimens
are plotted. Analytical data for these materials are listed in Table 1.
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The M,p pyrogram of a typlcal brown coal (a) reveals the significant
thermally activated molecular mobility which occurs on heatiag from room
temperature to ~ 600 K. This has been shown to be the result of fusion of the
extractable component of these coals (10). The reduction in molecular mobility
(increase in Myp) above 600 K results mostly from volatile loss of this ‘guest’
material. The M,y pyrogram of the extracted residue of a browan coal (b) which
constitutes usua%ly >80% of the total coal exhiblits only a low level of thermally
activated molecular mobility. The shallow minimum which does occur in this
pyrogram is probably due to fusion of residual 'guest' material. Thus the extract
residue or 'host' component of brown coals (considered to be lignin-derived) has
no significant fusion event on heating to pyrolysis temperatures at 4 K/min. This
is consistent with it belng a highly crosslinked macromolecular solid.

The Myp pyrograms of two nominally sub-bituminous coals are recorded in
Figure 1. The thermal behaviour of the lower rank Collie specimen (74.4% C) (e)
1s similar to that of a brown coal containing little extractable 'guest' material
but its fusion is shifted to higher temperatures than that of the brown coals.
The higher rank Amberley specimen (80.2% C) (d) clearly shows two fusion
transitions. The first parallels that of the Collie coal until the second sharp
transition occurs above 600 K. This coal has a high liptinite content (18 vol%)
and a correspondingly high hydrogen content. 1Its high volatile matter value
(47.3% da€) ranks it as a sub-bituminous coal but its carbon rank (80.2% C daf) s
indicative of a lower rank bituminous coal. The second fusion transition 1is
characteristic of lower rank thermoplastic bituminous coals but this coal has a
crucible swelling aumber of only 2.

The high-volatile Liddell bituminous coal (Figure 2(e)) shows little
indication of thermally activated molecular mobility below 500 XK. There is some
fusion between 500 and 600 K followed by a major fusion transition above 600 K
which appears very similar to the high temperature transition of the Amberley
coal. This Liddell coal, however, has only 6% liptinite, has a crucible swelling
number of 6.5 and exhlblts considerable Gieseler fluidity. We therefore identify
this high temperature fusion event with the aromatlc-cich macerals of the coal and
assoclate it with the thermoplastic phenomenon. Hence, by implicatlon, a stage
has been reached in the coalification processes whereby aromatic-rich material
becomes fusible.

The medium-volatile bituminous Bulli coal which contains no liptinite and has
significant thermoplastic properties has a Myp pyrogram (f) showing only one
fusion traansition which is lesser in extent and shifted to higher temperatures
than that of the Liddell conal. Thls transition is, of course, attributed to
aromatic-rich macerals.

The Myp pyrogram for the Baralaba low-volatile semianthracite (89.7% C) (g)
shows this material to be totally infusible on heating to pyrolysls temperatures.

Statlstical analyses were applied to the M,y data for the 120 coals in sets
(a) and (b) and for those swollen with pyridine to estimate values of this
parameter for 'pure average' vitrinite, inertinite and liptinite maceral groups.
It was assumed that interactive effects between macerals can be neglected and
hence that MZT varies linearly with maceral composition, i.e.

My = @ * vitrinite content + b * liptinite content + c. 1)

The regression coefficients a, b and c provide calculated MZT values for 'pure'
vitrinite (= 100 * a + ¢), 'pure' inertinite (=c) and 'pure’ liptinite (= 100 * b
+ ¢). Because the liptinite contents span a limited range of values,
extrapolations to 100% liptinite are much less reliable than those to 100%
vitrinite or inertinite.
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By applying this analysis at discrete !0 K temperature Intervals to the NMR
thermal analysis data for the 120 coals in sets (a) and (b) (subdivided into sub-—
bituminous and brown coals (<80% C), lower rank (80-85% C) and higher rank (85-897%
C) bltuminous coals), regression coefficlents as functions of temperature and
hence statistical M T Pyrograms representative of the three maceral groups were
generated (Figures 5—5). Because these pyrograms are derived statistically from
data on coals with a range of thermal properties and whose petrographic
specifications are subject to considerable experimental uncertainty (25), they are
quantitatively imprecise and can be interpreted only in a broad qualitative
mannec.

The 'pure' vitrinites representative of both bltumlnous coal subsets remain
thermally stable before the onset of fusion at temperatures above 600 K and have
approximately the same naximum extent of fusion (minimum M) (Flgures 4 and 5).
The reglon of greatest fusion 1s shifted to higher temperatures for the higher
rank bituminous coal subset, consistent with the expected rank dependence of coal
thermoplasticity (e.g. refs. 26 and 27). (This is better demonstrated by the plot
of the temperature of maximum fusion (i.e. minimum Myr value) versus mean maximum
vitrinite reflectance R max for the individual coals of the set (Figure 6)).

The Myp pyrograms for the 'pure' inertinites representative of the two lower
rank coal subsets (Figures 3 and 4) indicate little molecular mobility Ln the
tempetrature region of coal thermoplasticity (i.e. >~ 700 K). However, the well
defined minimum {n the corresponding pyrogram for the higher rank hituminous coal
subset reveals a degree of fusibility of inertinites in these coals.

The much greater fusibility of the liptinite macerals compared to the
aromat ic macerals for all ranks is clearly demonstrated by the results shown in
Figures 3-5., The low temperature fusion of the sub-bituminous liptinites is
similar in profile to that of the brown coal (Figure 1(a)), consistent with these
liptinites containing the 'guest' materials extractable from brown and other low
rank coals (28). The greater thermal stability indicated by the much higher
fusion temperatures of the bituminous liptinites can be explained in terms of
these materials having a more highly crosslinked macromolecular structure than the
liptinites in the brown coals.

Because liptinites comprise only a small fraction of most Australian
bituminous coals, thelr contribution to the fusibility of the whole coals is
expected to be minor. Thus the Myr pyrograms for typical bituminous whole coals
(Figure 2(e) and (f)) closely reflect the thermal behaviour of the aromatic-rich
macerals.

Solvent Destabilization Data

The destabilization of bituminous coal structures due to exposure to pyridine
is measured by the percentage change (decrease) in the value of M,y (AMpyr) for
the coal after two months soak. 1In interpreting the results for AMpyr we seek to
isolate the separate influences of rank and maceral composition. When AMpyr for
all the coals 1is plotted agaiast vitrinite content (Figure 7), there 1s wide
scatter and no recognizable trend. However, if the coals are separated into high
(>86% C) and low (80-86% C) rank bituminous subsets (Figure 7), a strong
dependence on vitrinite content for the lower rank subset becomes apparent - the
greater the vitrinite content the greater the pyridine destabilization. The
implication that vitrinite macerals are destablized by pyridine to a greater
extent than the other maceral types is confirmed by statistical extrapolation of
the AMpyr values to 'pure' macerals by means of a linear regression analogous to
that given by Equation 1 (results not presented here).

From Figure 7 it 1is also apparent that within the bituminous range the lower
rank coals are destabilized by exposure to pyridine much more readily than the
higher rank coals. Indeed, some higher rank specimens containing ~80 H-wt%
vitrinite are little influenced by pro%ggged exposure (Figure 7). This rank
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effect becomes clear when AMpyr is plotted against Rymax for the vitrinite-rich
specimens (D>=60 H-wt% vitrinite) (Figure 8). Above R max ~ 1.0 the vitrinites
become {ncreasingly impervious to pyridine destabilization and it is only a minor
effect when Rymax >~ L.5.

Comparison of Thermal and Pyridine Destabilization

The relationship between the extent of thermal destabilization of the
molecular structures of vitrinite-rich bituminous coals on the one hand and
pyridine solvent destabilization on the other is illustrated in Figure 9 in which
the ratio of the decrease in Myp during heating to the temperature of maximum
extent of fusion to the pyridine-induced decrease AMpyr 1s plotted versus Rymax.
For coals with Rymax < 1 this ratio is independent of rank and its value of 1.5 -
2 (except for certain coals with relatively high liptinite contents which
therefore enhance their overall fusibility) suggests (but does not require - see
below) an appreciable commonality between the parts of the coal structure thal are
destabilized by solvent and by thermal treatment respectively. At higher rank tha
ratio tends to Increase with R max, reflecting the reduced ability of pyridine to
penetrate and destabllize molecular structures which are, however, thermally
destabilized at high temperatures.

SUMMARY DISCUSSION

Two distinct types of fusible materials occur in coals. One type {s
aliphatic-rich and associated with the liptinite macerals and the other is
contained in the aromatic-rich macerals and particularly the vitrinites of
bitominous coals.

In the case of low rank brown coals the aliphatic-rich extractable material
fuses at temperatures well below 600 K, With Lncreasing coalification rank the
thermal stability of this liptinite material increases and the temperature range
of its fusion transition approaches that of the thermoplastic phenomenon of
bituminous coals. The enhanced stability with increasing rank is attributed to
progressive covalent crosslinking which also would make the material non-
extractable. In the fused state it would remain a crosslinked 'rubbery' material
resistant to solvent swelling and shear—induced flow,

Fusion in the aromatic-rich macerals 1s the basls of coal thermoplasticity
and its occurcence in effect defines the bituminous range. Fusion within the
aromatic-rich structures of low-rank sub-bituminous coals is inhibited by their
high covalent crosslink density. With further coallfication these crosslinks are
degraded and there 1{s loss of other functional side groups. A consequence of
these processes 1s the consolidation of the aromatic units into microdomains or
micelles (7) with Increasing graphite-like order. These microdomailns, stabilized
by London forces, are initially small and poorly ordered. With increasing rank
they become larger, more ordered and increasingly stable so that their fusion
temperature rises. Thermoplasticity ceases 1n anthracites when these physically
stabilized structures achieve a degree of stability which inhibits their fusion
below thelr temperature of pyrolytic decomposition. Thls stabilization process is
greatly accelerated by the rapld condensation and growth in size of the aromatic
units forming the ordered domains at carbon rank > 87% (29).

Of the aromatic-rich macerals the behaviour described above is most
characteristic of the vitrinites. 1Inmertinltes are in general more oxygenated and
aromatic than thelr corresponding vitrinites. Thelr much greater thermal
stability and resistance to pyridine destabilizatlon must relate to greater
covalent crosslluk density at all stages of coalification and this would also
inhibit the development of the ordered microdomains in inertinltes compared to
that in the vitrinites.
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TABLE 1 Analyt{ical data for representative coals

Coal description

I

moist. (%ad) ash(Zdb) VM(%daf) C H N S
(% daf)
R30, Vic. - 0.3 50,7 69.5 5.14 0.57 0,38
Collie, WA 11.9 8.1 39.4 74.4 4,31 1.32 0.91
Amberley, Qld 4.3 12.2 47.3 80.2 6.22 1.60 0.82
Liddell seam, NSW 2.8 5.8 39.5 83.4 5.63 2.19 0.41
Bulli seam, NSW 1.2 8.9 22.4 86.2 4.86 1.62 0.46
Baralaba, Qld 1.4 8.4 12.0 89.7 4.12 1.88 1.18
Rvmax Vit. Lipt. CSN Gieseler
% (%mmf) (Zmmf ) log (wax fluidity, ddpm)
R30, Vic. - it - - -
Collie WA 0.45 51 6 0 -
Amberley, Qld 0.59 80 18 2 -
Liddell seam, NSW 0.78 83 6 6.5 2.26
Bulli Seam, NSW 1.30 46 0 7.5 1.90
Baralaba, Qld 2.14 63 0 0.5 nd

nd = no detectable movement
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Fig. 1|  Myp pyrograms of a brown coal (R30) (a), its extracted residue (b), and
a sample of Collie (c) and Amberley (d) subbituminous coal. Analytical
data in Table 1.

Fig. 2 M,p pyrograms of a high-volatile bituminous coal (e), & low-volatile
bituminous coal (f) and a semi-anthracite (g). Analytical data in Table
1.
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Fig. 3  Pyrograms of 'pure' exinite (triangles), vitrinite (o) and inertinite
(x) for coals with < 80% carbon (daf).
Fig. 4 Pyrograms of 'pure' exinite (triangles), vitrinite (o) and inertinite
(x) for coals with 80-85% carbon (daf).
Fig. 5 Pyrograms of 'pure' exinite (triangles), vitrinite (o) and inertinite
(x) for coals with 85-89% carbon (daf).
Fig. 6 Plot of the temperature of maximum degree of fusion (TM2t(min)) against

reflectance (Rvmax) for bituminous coals.
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Plot of AMpyr against vitrinite content (on a wt% hydrogen basis) for
bituminous coals with 80-86% C (o) and >86% C (x). The line of best fit
to these data for the lower rank subset is shown.

Plot of AMpyr against R,max for vitrinite-rich (>60 H-wtX vitrinite)
bituninous coals.
Plot of the ratio of the decreases in Myr due to heating and to exposure

to pyridine against R max for vitrinite-rich (5 60 H-wtZ vitrinite)
bituminous coals.
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